Sorghum is the 5th most important cereal worldwide and is a major source of agricultural residues in tropical regions. Bioconversion of whole sorghum crop residues comprising stalks, leaves, peduncles and panicles to ethanol has great potential for improving ethanol yield per sorghum crop cultivated, and for sustainable biofuel production. Effective pretreatment of sorghum lignocellulosic biomass is central to the efficiency of subsequent fermentation to ethanol. Previous studies have focused on bioconversion of sorghum stalks and/or leaves only to bioethanol, but the current study is the first report dealing with whole crop residues. We specifically focused on the impact of Nigerian sorghum cultivation location and cultivar type on the potential ethanol yield from whole sorghum crop residues.
INTRODUCTION
Fermentation-derived ethanol, or "bioethanol", is a plant-based liquid biofuel that may be used in automobiles as an additive or substitute to petroleum as transport fuel. 1 Plant biomass such as grains (e.g. maize, wheat), tubers (e.g. cassava), stalk juices (e.g. sugarcane and sweet sorghum) as well as lignocellulosic materials are important feedstock sources for bioethanol production. 2 Food security concerns regarding use of food crops for bioethanol production favours the use of non-food lignocellulosic materials, which comprise inexpensive and abundant biomass in the form of agricultural and forestry residues. 3 Over ten billion metric tons of lignocellulose biomass is produced annually worldwide, of which Nigeria contributes over 83 million metric tons with an estimated 11 million metric tons being agricultural wastes. 4, 5, 6 For example, sorghum crop residues alone generate 2-3 million metric tons of lignocellulose biomass waste annually in Nigeria. Less than 40% of this material is utilised as livestock feed and fence thatching, while over 60% is left in the fields for burning. 7 Open field burning of sorghum residues (like other agricultural wastes) is considered a labour-saving and cost-saving strategy for green waste disposal by Nigerian farmers. However, the attendant environmental degradation consequences and health risks associated with such practices continue to raise serious concerns. 6 Previous studies have investigated potential utilisation of sorghum stalks and/or leaves for bioethanol production, 8, 9, 10 but very little attention has been given to utilisation of the whole sorghum crop bagasse comprising crushed stalks, leaves, peduncles and panicles for bioethanol production. 8, 10 Lignocellulosic biomass from sorghum crops comprises polysaccharides in the form of celluloses and hemicelluloses, which are structurally intertwined by tough lignin fibres for mechanical support and rigidity. 6 Typical composition of sorghum lignocellulosic biomass is cellulose (34-44%), hemicelluloses (27-25%) and lignin (18-21%). 9, 10 The major constraint in bioconversion of sorghum bagasse to ethanol is the efficient hydrolysis of lignocellulose to liberate fermentable sugars, while ensuring minimum generation of yeast inhibitory compounds. 11 The following methods have been employed to maximise sugar liberation and to minimise formation of inhibitory chemicals when pretreating lignocelluloses; they are catalyzed steam explosion, ammonia fibre expansion (AFEX) and high energy radiation (e.g. ultrasound, microwave heating and electronic beam). 2, 8, [11] [12] [13] [14] [15] However, the successes of these technologies has been largely limited to laboratory and pilot scale applications, partly due to overall economic feasibility of scaling up the processes to an industrial scale. 3, 15 Alternative chemical lignocellulose pretreatment methods such as acidic or alkaline hydrolysis have been widely investigated and reported to be efficient and cost-effective in terms of sugar liberation. 16, 17 For example, the use of dilute sulphuric acid is considered to be effective and to be economically feasible for scaling up to industrial capacity. However, the challenges faced with this method include removal of the inhibitory compounds generated in the hydrolysates as a result of the degradation of lignin and hemicelluloses. 7, 17 Such compounds include phenols (e.g. syringic and vanillic acid) from lignin, furan derivatives (e.g. furfural and 5-hydroxymethyl furfural) from hemicellulose and aliphatic acids (e.g. acetic and formic acids) from sugar decomposition. 16 Inhibitory compounds prolong yeast lag phases, which may then result in "sluggish" or "stuck" fermentations.
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Consequently, various detoxification methods to remove these inhibitory compounds from fermentation media have been employed and include the following: organic based membrane filtrations, rotary-evaporations, extractions with ethyl acetate, ion exchange and alkaline over-liming. 7, 18, 19 Typical dilute acid hydrolysis temperatures range from 160-220 o C and substrate retention times vary from a few minutes to hours depending on the substrate type. 16 In spite of the benefits of high hydrolysis temperatures, whereby hemicellulose-lignin structures are effectively degraded thereby exposing cellulose for efficient hydrolysis, this decomposes the sugars resulting in the generation of higher aliphatic acids and furfurals 17, 20 . In addition, proteins may be denatured, thereby limiting yeast available nitrogen sources in hydrolysates.
In this study, the potential to utilise whole sorghum residues (bagasse) consisting of crushed stalks, leaves, peduncles and panicles (left in the field after sorghum harvest) in bioethanol production was investigated. Previous studies have focused solely on sorghum stalks and/or leaves. 3, 9, 10, 15 Also investigated was the benefit of choosing suitable sorghum cultivars and cultivation locations (to gain knowledge on how cultivation locations may affect ethanol production) for improved biomass yield and ethanol productivity. This study aimed to contribute towards harnessing whole sorghum crop residues for bioethanol production in Nigeria. The
Nigerian 2007 biofuel policy identified cassava, sugarcane juice and sweet sorghum stalk juice as potential feedstock sources for the emerging bioethanol sector in the country. 1 However, use of cassava and sugarcane constitute food security risks, therefore whole sorghum residue was envisaged as representing an alternative, less expensive and more sustainable feedstock source. Sorghum bagasse is abundantly available in Nigeria and has no economic value. Utilising it as a bioethanol feedstock therefore results in value addition to the Nigerian sorghum supply chain and contributes towards mitigating deleterious environmental impacts associated with greenhouse gas emission (GHG) and air pollution.
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MATERIALS AND METHODS
Sorghum cultivation and harvest
SSV2 and KSV8 sorghum crops were cultivated in Kano and Kaduna (Nigeria), respectively. The crops were grown under rain-fed conditions and with only cow dung application as fertilizer. For maximum extractible stalk juice yields, crops were harvested before the grains of each crop reached physiological maturation.
Thus, SSV2 cultivar was harvested 11 weeks after the planting date, while KSV8
was harvested 16 weeks after planting. 21 The fresh bagasse samples (comprising crushed stalks, leaves, peduncles and panicles) were sun-dried for 2 days followed by oven drying at 60 o C for 72 h. The dried samples were hammer milled and sieved through 4 mm screen (Retsch, Germany). Moisture and total lignin contents of samples were determined according to National Renewable Energy Laboratory standard analytical procedure. 22 Proteins were determined by adding 2 g bagasse (dry wt.) into conical flasks containing 2M NaOH solution (50 mL). The mixtures were stirred at room temperature for 2 min followed by incubation in a rotary shaker at 120 
Sorghum bagasse hydrolysate detoxification
The enzymatic hydrolysate was over-limed to pH 10.0 with anhydrous Ca(OH) 2 and afterwards incubated at 50 o C for 15 min with orbital shaking at 120 rpm. 12, 19 Concentrated H 2 SO 4 was used to adjust the hydrolysate pH to 6.0, followed by centrifugation at 3800 rpm for 10 min. The supernatant (100 mL), was transferred into conical flasks and activated charcoal (2.5 g) was added. The mixture was 
Hydrolysate fermentations
Fermentation progress was monitored by both CO 2 evolution and bioethanol production rates, respectively.
i. For CO 2 evolution monitoring: Enzymatic hydrolysate samples (100 mL) were each added into a 250 mL ANKOM RF glass bottle. The yeast P. tannophilus (1.0×10 7 cell/mL) was inoculated into the fermentation media. The substrates were incubated at 32 o C with 130 rpm orbital shaking. Fermentation progress was monitored through automatic measurement of cumulative CO 2 gas pressure formation after every 20 min by the ANKOM RF gas-production system (ANKOM Technology, USA). Fermentations were allowed to progress undisturbed until CO 2 gas production rate were observed to start declining.
ii. Samples were withdrawn after every 24 h from the media for ethanol determination using the FermentoFlash® equipment (Funke-Gerber TM , Berlin).
The fermentations were terminated at the end of 72 h.
Similar fermentation experimental setups were replicated with over-limed and charcoal filtered hydrolysates as substrates, respectively.
Ethanol concentration determination
Ethanol concentrations were determined using FermentoFlash® (FunkeGerber TM , Berlin). Fermentation broth (11 mL) was added into a 20 mL glass beaker.
The broth sample (10 mL) was introduced into the FermentoFlash® measuring cells by means of a suction pump (Funke-Gerber TM , Berlin). The alcoholic content and density of the fermentation broth were automatically measured using thermal measuring effects. Derived constituents as original wort, apparent extract and osmotic pressure were also determined, but are not reported in this study.
Statistical analyses
Significant differences between means was tested by ANOVA using the 
RESULTS AND DISCUSSION
Compositional analysis of bagasse
To assess the impact of cultivation location on sorghum bagasse composition, SSV2 and KSV8 sorghum cultivars were grown in Nigeria at Kano and Kaduna (i.e.
sites B and Z respectively). Observed diurnal temperature and rainfall at Kano and Kaduna were 33. (Fig. 1) . The cultivation sites soil morphology and physical properties are summarised in Table 1 .
The results in Table 1 show that sorghum grown at Kano (site B) was more deficient in most of the minerals/elements required sorghum cultivation. The soil from this site was also more sandy, less silty and slightly more acidic. The SSV2 and KSV8 sorghum crops were harvested when their grains reached the soft-dough maturity stage in order to maximise extractible juice yield for syrup production, while the grains may be utilised as livestock feed or food. 21 SSV2 sorghum is a short season cultivar; hence, its grains reached soft-dough maturity at 11 weeks after planting while those of KSV8 grain took 16 weeks from date of planting to reach the softdough maturity stage.
From are minimization of sugar decomposition and protein denaturation. 14, 16, 19 The free amino nitrogen (FAN) content of the SSV2 and KSV8 pre-treated bagasse hydrolysates were observed to significantly vary with cultivation location as summarised in Table 3 . It was also observed that acid hydrolysis of the respective sorghum bagasse samples liberated low levels of FAN, while subsequent enzymatic hydrolysis liberated higher FAN levels in corresponding hydrolysates. This is due to activities of the proteolytic enzymes (from Promalt TM 295 and 4TR enzyme cocktails).
However, over-liming, followed by charcoal filtration, resulted in sequential decreases in the levels of FAN by about 6% and 13%, respectively (Table 3) . This may be due to the precipitation of amino acids and small peptides, along with organic salts, as a result of over-liming; while the charcoal adsorbs amino acids and small peptides. It would therefore be desirable to minimise the loss of FAN and sugars during detoxification for improved fermentation performance. To achieve efficient fermentation performance, minimum FAN levels of 150mg/L are generally required by yeast in the fermentation media. 19 In spite of the Kaduna cultivated SSV2 bagasse hydrolysate having significantly higher FAN levels than the corresponding Kano SSV2 hydrolysates, the latter contained higher concentrations of total amino acids than the former. Such observations were due to the sensitivity limitations of K-LARGE/K-PANOPA assay kits in determining specific amino acids during FAN measurements. 26 Furthermore, asparagine and glutamine (Group 1 amino acids) as well as tryptophan were present in negligible concentrations in all of the sorghum hydrolysates analysed (Table 4) . Group 1 amino acids are not synthesized by yeasts and are essentially required at the onset of fermentation to facilitate yeast adaptation. Group 2 amino acids may be synthesized by yeasts but are normally assimilated as the fermentation progresses and the other Group amino acids are assimilated as fermentation progresses into the latter phases. 21 Regarding the sugar obtained from the acid pre-treatment of sorghum bagasse, Table 5 shows that most of the xylose and arabinose was liberated due to hemicellulose polymers being highly susceptible to acidic hydrolysis. 20 Cellulose requires enzymatic saccharification, and commercial cellulases were added together with amylases to facilitate degradation of cellulose and starch in the leaf fractions of the bagasse. 14, 17, 18 Significant increases in glucose levels after enzymatic hydrolysis were observed, while xylose and arabinose concentrations increased only marginally. Furthermore, a successive decrease in total sugar concentration (5-8%) was observed with sequential over-liming and charcoal filtration treatment of the hydrolysates (Table 5) . This corresponds to a loss of 10-12% of fermentable sugars, emphasising the necessity to optimise detoxification processes for lignocellulosic material. Despite employing mild acidic hydrolysis under moderate pre-treatment conditions, the total sugar yields of both the acidic and enzymatic hydrolysates compared favourably with those of previously reported literature ( Table 6 ). The results from Table 6 suggested, despite the favourable sugar yields achieved in this study for whole sorghum bagasse, that there is scope to further improve the total sugar yields, for example, by increasing the hydrolytic enzyme dosage or by employing more efficient saccharification enzymes.
Fermentation
The yeast, P. tannophilus was employed to ferment the sorghum bagasse hydrolysates, as this yeast has been reported to be an efficient xylose-fermenting yeast. 12, 15, 20 Prior to the onset of fermentation, substrate utilisation kinetics exhibiting a lag phase, which was likely due to the effect of inhibitory compounds on P.
tannophilus delaying yeast adaptation to the hostile fermentation media, can be seen (Fig. 2a) respectively. This may be due to both the latter hydrolysates having higher concentrations of inhibitory chemicals than either of the former, because the levels of cyanogenic chemicals will be expected to vary from one crop to another. 24, 25 In Tables   5 and 7 ). This suggests that some sorghum bagasse hydrolysate fermentations may result in "stuck fermentations" 16, 18 with relatively high levels of unfermented sugars (Table 5 ). It is likely that the limiting factor dictating fermentation rates was the presence of yeast inhibitory compounds in the hydrolysates.
The removal of aliphatic and organic acids by over-liming significantly shortened yeast lag times (Fig. 2c) . The reduced concentration of inhibitory chemicals in the hydrolysates presents a more favourable environment for yeast growth and efficient fermentative metabolism. 13, 17, 18, 19 This is supported by the observed increase in CO 2 gas formation kinetics shown in Fig. 2c , and the corresponding ethanol yields (Fig. 2d) , which increased by 4-6% over non-detoxified fermentations Generally, observed ethanol yields from fermentation of the over-limed bagasse hydrolysates were about 15-17 g/L (Table 7) , and these represented less than 60% of theoretical yields. However, removal of polyphenols from the hydrolysates by charcoal filtration showed notable reductions in yeast lag times and improvements in cell growth, CO 2 gas production rates (Fig. 3a) and ethanol production (Fig. 3b) . Gyalai-Korpos et al. 31 and Nichols et al. 34 reported similar fermentation kinetics for sorghum bagasse hydrolysates detoxified and supplemented with yeast nutrients. While SSV2 hydrolysate from both Kano and Kaduna contained similar initial FAN and sugar concentrations, the Kano substrate produced ethanol to about 23 g/L, which represented about 65% of the theoretical yield, which is a better yield compared to the figure of 48% obtained from KSV8 (see Table 7 ). Improved fermentation performance of Kano grown SSV2 hydrolysates over corresponding Kaduna grown SSV2 may reflect the former having a higher amino acid content than the latter (Table 4) , providing a more nutritionally conducive environment for P. tannophilus metabolism. This yeast was generally able to utilise the available pentose sugars present in the sorghum bagasse hydrolysates.
However, incomplete xylose fermentation (e.g. in the Kaduna grown SSV2 hydrolysate) may be due to deficiencies in other essential nutrients such as vitamins and/or minerals. 2 Ethanol yields of 23 g/L were achieved from the fermentation of sorghum bagasse, which compares favourably with previous studies (see Table 8 
CONCLUSIONS
The potential of utilising whole sorghum crop residues in bioethanol production was investigated. The findings suggest that the bagasse from Nigerian SSV2 and KSV8 sorghum cultivars residues represent favourable feedstock sources for bioethanol production. Furthermore, investigation into the impact of sorghum cultivation location and cultivar type on bioethanol yield showed that both cultivar type selection and favourable cultivation location could improve ethanol yields by over 15%. For example, both SSV2 and KSV8 sorghum crops produce higher biomass under warmer and drier climatic conditions. Mild acid pretreatment of sorghum bagasse at moderate temperatures, followed by detoxification, appeared to be a relatively cost-effective platform for the bioconversion of the whole sorghum crop to ethanol. Further improvements in ethanol yield per hectare are envisaged through application of agrochemicals during crop cultivation, use of improved cellulolytic enzymes, and exogenous yeast nutrient supplementation during fermentation. 
